The extent to which exercise-induced changes to postprandial metabolism are dependant on the associated energy deficit is not known. Objective: To determine the effects of exercise, with and without energy replacement, on postprandial metabolism. Design: Each subject underwent three 2-day trials in random order. On day 1 of each trial subjects rested (control), walked at 50% maximal oxygen uptake to induce a net energy expenditure of 27 kJ kg À1 body mass (energy-deficit) or completed the same walk with the net energy expended replaced (energy-replacement). On day 2 subjects completed an 8.5-h metabolic assessment. For 3 days prior to day 2, subjects consumed an isocaloric diet, avoided planned exercise (apart from exercise interventions) and alcohol. Subjects: A total of 13 overweight/obese men (age: 40 ± 8 years, body mass index: 31.1 ± 3.0 kg m À2 ). Measurements: Postprandial triglyceride, insulin, glucose, non-esterified fatty acid and 3-hydroxybutyrate concentrations and substrate utilization rates were determined. Results: Energy-deficit lowered postprandial triglyceride concentrations by 14 and 10% compared with control and energyreplacement (Po0.05 for both). Energy-deficit increased postprandial 3-hydroxybutyrate concentrations by 40 and 19% compared with control and energy-replacement (Po0.05 for both). Postprandial insulin concentrations were 18 and 10% lower for energy-deficit and energy-replacement compared with control and 10% lower for energy-deficit than energy-replacement (Po0.05 for all). Postprandial fat oxidation increased by 30 and 14% for energy-deficit and energy-replacement compared to control and was 12% higher for energy-deficit than energy-replacement (Po0.05 for all). Conclusion: Exercise with energy replacement lowered postprandial insulinaemia and increased fat oxidation. However an exercise-induced energy deficit augmented these effects and was necessary to lower postprandial lipaemia.
Introduction
Metabolic perturbations occurring during the postprandial period are implicated in the development and progression of atherosclerosis by a number of plausible mechanisms. Postprandial lipoproteins and their remnants may deposit into arterial walls accelerating the development of atheromatous plaques 1 and the postprandial elevation in circulating triglyceride (TG)-rich lipoproteins contributes to the accumulation of small, dense low-density lipoproteins (LDL) and a decrease in cardio-protective high-density lipoproteins (HDL); a combination known as the atherogenic phenotype. 2 In addition, postprandial hyperinsulinaemia, together with the transient postprandial increase in insulin resistance may also contribute to atherogenic progression [3] [4] [5] and the development of chronic insulin resistance and type 2 diabetes. 6 As humans spend the majority of the day in the postprandial state, interventions which alter postprandial metabolism may have implications for the prevention and management of metabolic diseases. It is well established that moderate exercise influences a number of aspects of postprandial metabolism. Postprandial TG and insulin concentrations are lower on the day following exercise: 7 these changes contribute to an improved cardio-metabolic risk profile following exercise. In addition, an increase in postprandial fat oxidation is evident for at least 24 h following an exercise session. 8 The effects of exercise on postprandial metabolism, at least with respect to the attenuation of TG concentrations, are related to the energy expended during the exercise session, independent of the duration or intensity of exercise per se. 9 However, it has previously been shown that energy deficit is not the sole determinant of the exercise-induced changes in postprandial metabolism, as a dietary-induced energy deficit induces a smaller attenuation in postprandial TG concentrations than an equivalent exercise-induced deficit. 10 It remains unclear whether favourable effects of exercise on postprandial metabolism are still evident when there is an increase in energy intake to compensate for energy deficits caused by exercise.
The purpose of the present study was therefore to determine the extent to which exercise-induced changes to postprandial metabolism, particularly with respect to lipid metabolism, insulin/glucose dynamics and energy substrate utilization, would occur in the absence of an exerciseinduced energy deficit. This is of clinical, as well as mechanistic, importance as adult individuals often increase energy intake when they exercise, 11, 12 thus compensating for the extra energy deficit caused by exercise. Overweight and obese middle-aged men, with an increased waist circumferenceFa group at increased risk of cardio-metabolic disease, who are typically targeted with exercise for health interventionsFwere chosen for the study.
Methods
Subjects A total of 13 men were recruited to this study. 13 None was taking any medication thought to interfere with lipid or carbohydrate metabolism. The study was approved by the North Glasgow University Hospitals NHS Trust Ethics Committee and each subject gave written, informed consent before participation. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
Experimental design
After preliminary testing, each subject completed three 2-day trials in random order, separated by an interval of at least 1 week. Day 1 involved one of three interventions: control, exercise with energy deficit (energy-deficit) or exercise with energy replacement (energy-replacement). Day 2 comprised an 8.5-h metabolic assessment, described in detail below, and took exactly the same format for each trial. An overview of the 2-day protocol is shown in Figure 1 .
Preliminary exercise test
A four-stage preliminary sub-maximal treadmill test 14 was completed prior to the first intervention day to estimate . VO 2 max and calculate the speed and gradient required to elicit the intensity of 50% . VO 2 max (the intensity used for the exercise interventions).
Estimation of daily energy requirements
Prior to the first trial, subjects visited the metabolic suite following a 12-h overnight fast for measurement of resting metabolic rate. After 20 min of rest during which subjects lay supine, metabolic rate and substrate utilization were deter- On the intervention day of the control trial, subjects were specifically instructed to sit or lie quietly for a 2 h period in the afternoon, starting approximately 2 h after lunch, which corresponded to the time of exercise in the other two trials.
Exercise with energy deficit trial. The intervention day of the energy-deficit trial was exactly the same as the control except that in the afternoon (2 h after lunch), subjects completed a treadmill walk at 50% . VO 2 max. The aim of the walk was to induce a net energy expenditure (that is energy expenditure above resting energy expenditure) of 27 kJ kg À1 body mass.
The duration of the walk therefore differed between individuals, ranging from 75 to 120 min. At rest before the walk, at 15-min intervals during the walk and for 30 min after completion of the walk expired air samples were collected in Douglas bags for the determination of oxygen uptake and carbon dioxide production. Heart rate (HR) and rate of perceived exertion 17 were recorded at 15-min intervals during the walk.
Exercise with energy replacement trial. The intervention day of the energy-replacement trial was exactly the same as the energy-deficit trial except that the net energy expended during the walk was replaced to eliminate any exerciseinduced energy deficit. Energy was replaced using a mealreplacement drink (Complan, Complan Foods Ltd, Windsor, UK) providing 48% carbohydrate, 38% fat and 14% protein.
To account for an elevated metabolic rate during recovery, typically in the order of 2-7% of the exercise-induced energy expenditure, [18] [19] [20] and therefore ensure that the entire exercise-induced energy expenditure was replaced, 110% of the net energy expenditure of the walk was provided with the meal-replacement drink. A total of 55% of the predicted net energy expenditure was replaced at lunch before the walk and the remainder provided 30 min post-exercise.
Day 2: metabolic assessment Subjects reported to the metabolic suite after an overnight fast of at least 12 h, approximately 16 h after completion of exercise in the energy-deficit and energy-replacement trials. Following a 10-min rest lying on a couch, a 30-min expired air sample was collected (Deltatrac Metabolic Monitor, Datex Engstrom). A cannula was introduced into an antecubital vein, and after a 10-min interval, a fasting blood sample was taken.
Once fasting measurements were made, the test breakfast was provided. This comprised a bagel, polyunsaturated fat margarine and a meal-replacement drink (Complan, Complan Foods Ltd) made with whole milk, and provided 3.34 MJ of energy, 97 g carbohydrate, 33 g fat and 28 g protein.
Exactly the same meal was given again at lunch, 4.5 h later. Subjects consumed each test meal within 10 min.
During the 8.5-h observation period, blood samples were collected at 0.5, 1, 2, 3 and 4 h after breakfast and the pattern was repeated after lunch (5, 5.5, 6.5, 7.5 and 8.5 h postbreakfast). Expired air samples were taken immediately preceding the 1, 2, 3, 4, 5.5, 6.5, 7.5 and 8. Blood analysis. Blood samples were collected into potassium EDTA tubes and placed on ice. All samples were separated within 15 min of collection and stored at À80 1C until analysis. Plasma total cholesterol and HDL cholesterol were determined according to the Lipid Research Clinics Program Manual of Laboratory Operations. 21 LDL cholesterol was calculated using the Friedewald equation. TG, glucose, nonesterified fatty acid (NEFA) and 3-hydroxybutyrate (3-OHB) concentrations were determined by enzymatic calorimetric methods using commercially available kits (Roche Diagnostics Gmbh, Mannheim, Germany and Randox Laboratories Ltd., Co. Antrim, Ireland). Insulin was determined using a commercially available enzyme-linked immunoassay (ELISA) with o0.01% cross-reactivity with pro-insulin (Mercodia AB, Uppsala, Sweden). All samples for each subject were analysed in a single analyser run. Coefficients of variation were o3.1% for all non-ELISA assays and o4% for the insulin ELISA.
Statistical analysis. Data were analysed using Statistica (version 6.0, StatSoft Inc., Tulsa, Ok, USA) and Minitab (version 13.1, Minitab Inc., State College, PA, USA). Prior to analysis, all data were tested for normality using the Anderson-Darling normality test and, if necessary, logarithmically transformed. Insulin sensitivity was estimated using the homoeostasis model assessment (HOMA). 22 Energy expenditure and
Exercise and postprandial metabolism FL Burton et al substrate utilization during the trial walks, and on metabolic assessment days, was calculated using indirect calorimetry. 23 For these calculations, urinary nitrogen excretion was assumed to be 0.11 mg kg À1 min À1 throughout all trials, based on data from similar studies in the literature. 24, 25 We consider this assumption to be justified as data from previous studies have demonstrated that exercise with similar energy expenditures to the exercise intervention used in the present study, either with or without an energy deficit, does not influence postprandial protein oxidation rates. 25, 26, 27 The total area under the 8.5 h variable vs time curves (AUC), calculated using the trapezium rule, and the incremental AUC, calculated as the increment in AUC over baseline concentrations, were used as summary measures of the postprandial responses. It should be noted that, for variables where values decrease from baseline postprandially, the calculated incremental AUC is negative and represents the area above the curve extending up to the baseline value, providing an index of postprandial suppression. Differences between the three trials for fasting values and summary postprandial responses were analysed using repeatedmeasures one-way analysis of variance (ANOVA). Differences over time for the three trials were calculated using two-way ANOVA with repeated measures for trial and time. Post hoc Fisher's least significant difference tests were used to identify where differences lay. Relationships between variables were assessed using Pearson product-moment correlations. Multiple regression analyses were performed to establish the independence of relationships. Statistical significance was accepted at the Po0.05 level and data are presented as mean±s.e.m., unless otherwise stated.
Results

Responses during treadmill walk
For each subject, the walk durations in the energy-deficit and energy-replacement trials were identical. In both trials subjects walked for 90.8±3.6 min at a speed of Table 1 . Fasting TG concentrations were 16% lower in energy-deficit compared to control (Po0.01). Fasting 3-OHB concentrations were 111% higher in energy-deficit compared to control (Po0.05). There were no significant differences between trials in fasting NEFA, LDL or HDL cholesterol or fasting glucose and insulin concentrations. There were also no significant differences between trials in HOMA-estimated insulin resistance. Data for metabolic rate and energy substrate utilization in the fasted state are also reported in Table 1 . The rate of fat oxidation was higher in energy-deficit than energyreplacement and control by 19% (Po0.05) and 32% (Po0.01), respectively. Reciprocally, carbohydrate oxidation was 28% lower in energy-deficit compared to control (Po0.05).
Postprandial responses. The postprandial responses for TG and for NEFA, 3-OHB, insulin and glucose are shown in Figures 2 and 3 , respectively. Summary measures of these responses are given in Table 2 . The postprandial TG total AUC in energy-deficit was 14% lower than control (Po0.05) Exercise and postprandial metabolism FL Burton et al and 10% lower than energy-replacement (Po0.05). Postprandial NEFA total AUC was 14% higher than control in both exercise trials (Po0.01 for both). The postprandial 3-OHB total AUC in energy-deficit was 40% higher than control (Po0.001) and 19% higher than energy-replacement (Po0.05). Compared to control, the postprandial insulin total AUC was 18% lower in energy-deficit (Po0.001) and 10% lower in energy-replacement (Po0.01). The postprandial insulin total AUC was 10% lower in energy-deficit than energy-replacement (Po0.05). There were no significant differences in postprandial glucose total AUC between the three trials. The incremental AUC did not differ significantly between trials for the postprandial TG, NEFA and 3-OHB responses. Compared to control, the postprandial glucose incremental AUC was 68% higher and 76% higher for energy-deficit (Po0.05) and energy-replacement (Po0.05), respectively. However, these relatively large percentage differences between trials in the glucose incremental AUC reflected relatively small differences between trials in absolute terms insulin incremental AUC was 22% lower for energy-deficit (Po0.001) and 11% lower for energy-replacement (Po0.01) compared to control. The insulin incremental AUC was 14% lower in energy-deficit than energy-replacement (Po0.01). There were no differences in energy expenditure over the 8.5 h observation period across the three trials. Compared to control, fat oxidation over the postprandial observation period was 30% higher in energy-deficit (Po0.001) and 14% higher in energy-replacement (Po0.05). Postprandial fat oxidation was 12% higher in energy-deficit than energyreplacement (Po0.05). Reciprocally, postprandial carbohydrate oxidation was 18 and 9% lower in energy-deficit (Po0.001) and energy-replacement (Po0.05), respectively, compared to control (Table 3) .
Relationships between variables within trials
As expected, fasting TG concentrations strongly correlated with the TG total AUC in the control (r ¼ 0.95, Po0.001), energy-deficit (r ¼ 0.98, Po0.001) and energy-replacement (r ¼ 0.97, Po0.001) trials. Fasting TG concentrations significantly correlated with the TG incremental AUC in the energy-deficit (r ¼ 0.80, Po0.01) and energy-replacement (r ¼ 0.76, Po0.01) trials but not the control trial (r ¼ 0.42, P40.05). There were no significant correlations within trials between any index of TG metabolism (fasting value, total or incremental AUC) and any index of 3-OHB or fat oxidation.
Predictors of the exercise-induced change in TG A significant correlation was observed between the exerciseinduced change in fasting TG concentration and the exercise-induced change in fasting fat oxidation (r ¼ À0.53, Po0.01). Significant correlations were also evident between the exercise-induced change in the TG total AUC and the exercise-induced change in the 3-OHB total AUC (r ¼ À0.48, Po0.05) and between the exercise-induced change in the TG total AUC and the exercise-induced change in the fat oxidation total AUC (r ¼ À0.74, Po0.001) (Figure 4 ). Significant correlations were also seen between the exerciseinduced change in the 3-OHB total AUC and the change in the fat oxidation total AUC (r ¼ 0.58, Po0.01). Multivariate analysis using stepwise regression showed, however, that changes in fat oxidation and 3-OHB total AUC did not predict the change in the postprandial TG total AUC independently of each other, suggesting these relationships were mediated by a common mechanism. No significant correlations were observed between exercise-induced changes in fasting TG and fasting 3-OHB concentrations, or between exercise-induced changes in incremental AUC values for TG, 3-OHB and fat oxidation.
Discussion
The results of this study demonstrate that a single session of moderate intensity exercise, without an energy deficit, can reduce postprandial insulin concentrations and increase the rate of postprandial fat oxidation. An exercise-induced energy deficit was, however, required to reduce fasting and postprandial TG concentrations and also to induce further lowering of postprandial insulin concentrations and a further increase in postprandial fat oxidation compared to exercise with energy replacement. In addition, our results indicate that changes in postprandial TG concentrations could be explained, in part, by changes in postprandial whole-body fat oxidation and postprandial 3-OHB concentrations. Interestingly, while exercise with an energy deficit significantly reduced fasting TG concentrations and postprandial TG total AUC compared to control, it did not significantly reduce the TG incremental AUC. This suggests that the TG-lowering effect elicited by exercise with an Exercise and postprandial metabolism FL Burton et al energy deficit was predominantly mediated by a decrease in baseline TG concentrations (largely reflecting effects on hepatic VLDL metabolism), with any change in the metabolism of exogenous meal-derived lipids making a much smaller contribution to the TG reduction. Previous data, reporting that the TG-lowering effect of an exercise-induced energy deficit was greater than that of an equivalent dietary-induced energy deficit, suggested either that the effects of exercise on postprandial TG metabolism were independent of an energy deficit, or that dietaryinduced and exercise-induced energy deficits elicited different effects on postprandial metabolism. 10 Data from the present study, showing that the TG-lowering effect of prior exercise was only evident with an accompanying energy deficit, suggest that the latter interpretation is the correct one. The contrasting effect on TG metabolism of a dietary-or exercise-induced energy deficit may be related to specific body tissues in which the energy deficits occur. During exercise, skeletal muscle glycogen and to a lesser extent, skeletal muscle TG utilization increases. However, muscle TG utilization is elevated during the post-exercise recovery period; thus muscle glycogen and TG stores are depleted following exercise. 28 In contrast, a dietary-induced energy deficit would, at least in the short-term, result in a proportionally greater utilization of adipose tissue TG. There may also be quantitative differences in hepatic fuel utilization in response to dietary-and exercise-induced energy deficits. For example, hepatic glycogen content is reduced by about two-thirds following B80-90 min of exercise at 70% . VO 2 max 29 which is equivalent to the level of hepatic glycogen depletion following a 24-h fast. 30 Thus, exercise induces quantitatively larger muscle and hepatic substrate deficits than energy intake restriction. Such substrate deficits in muscle and/or liver may mediate the TG-lowering effects of exercise by stimulating skeletal muscle LPL activity and increasing TG clearance 31 and/or by directing the hepatic fatty acid flux towards oxidation and away from reesterification, thereby reducing VLDL production, 31, 32 Thus greater energy substrate deficits in muscle tissue and liver could mediate the larger effect of exercise-induced, compared to dietary-induced deficits on TG metabolism. This reasoning can also explain why replacement of the exerciseinduced energy deficit substantially attenuated the TGlowering effect. Increased carbohydrate ingestion following exercise markedly increases the rate of both hepatic and muscle glycogen re-synthesis 29 and thus muscle and hepatic substrate deficits would have been substantially smaller following energy replacement than exercise with energy deficit. In addition, increased carbohydrate ingestion per se has been shown to increase fasting and postprandial TG concentrations, probably by increasing hepatic VLDL production, 33 so the increased carbohydrate intake in the exercise with energy replacement trial would have acted to oppose an exercise-induced lowering in TG. We previously reported that exercise-induced reductions in postprandial TG were correlated with exercise-induced increases in the 3-OHB response 34 and hypothesized that this was due to exercise shifting the partitioning of the hepatic fatty acid flux towards b-oxidation and ketone body production and away from re-esterification and VLDL production. 32 In the present study we also report a significant correlation between changes in plasma 3-OHB and plasma TG responses, in support of our earlier hypothesis. Additionally, we found no significant difference in 3-OHB concentrations between the control and exercise with energy replacement trials, suggesting that replacing the energy expended during exercise attenuated the postexercise upregulation of hepatic fatty acid oxidation. This fits with studies reporting that an increase in post-exercise carbohydrate intake attenuates post-exercise ketogenesis. 
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In agreement with previous studies, 8, 26 we found an increase, relative to control, in postprandial whole-body fat oxidation on the day following exercise with an energy deficit. In addition, we found that exercise with energy replacement increased postprandial fat oxidation compared to control, albeit to a lesser degree than exercise with an energy deficit. A number of studies have shown that a high respiratory exchange ratio (indicating high-carbohydrate and low-fat oxidation)-measured fasting 36, 37 or over 24 h 38 is a significant predictor of long-term weight gain, independent of metabolic rate. [36] [37] [38] Thus, the present findings raise the possibility that even if energy intake is increased following exercise to replace the exercise-induced energy expenditure, exercise may facilitate long-term weight maintenance through shifts in substrate oxidation and balances. This exciting possibility warrants further investigation and may explain, in part, why regular exercisers gain weight at slower rates than their sedentary peers. 39 In contrast to the effects on postprandial TG concentrations, exercise with energy replacement significantly reduced postprandial insulin concentrations, though to a smaller extent than exercise with an energy deficit. This dissociation between exercise-induced changes in postprandial TG and insulin concentrations has been reported previously 7, 34 and suggests that, in the short-term, exercise influences postprandial insulin and TG metabolism by separate mechanisms, although links between insulin sensitivity and TG metabolism are evident over the longer term. 40, 41 The smaller effect of exercise on postprandial insulin concentrations when energy was replaced, compared to exercise with an energy deficit, is likely due to increased post-exercise repletion of muscle glycogen stores following the additional food that was provided in this trial, as restricting carbohydrate intake following exercise prolongs the duration of enhanced insulin sensitivity. 42 Our findings are consistent with long-term exercise training studies which indicate that exercise training without weight or fat loss (suggesting the absence of an exercise-induced energy deficit) improves insulin sensitivity, but that exercise with weight loss induces larger changes. 43 Thus, it seems clear that the insulinsensitizing effects of exercise are maximized when the energy expended is not replaced by increasing energy intake, however, the extent to which a residual benefit occurs when the energy expended is replaced is unclear. In summary, our results indicate that in overweight or obese but otherwise healthy middle-aged men, exercise with energy replacement lowers postprandial insulin concentrations and increases postprandial fat oxidation. However, the presence of an energy deficit augmented exercise-induced changes in both these factors and an energy deficit was necessary to reduce postprandial TG concentrations. Further study is now needed to establish whether this effect extends beyond the present subject population (for example to women, dyslipidemic individuals and those with type 2 diabetes). The experimental model used in the current study, involving two sequential meals with an interval of 4.5 h and with macronutrient compositions reflecting usual diets consumed in Westernized countries, makes the present findings directly applicable to the typical postprandial challenges encountered in everyday life. Thus, the findings of the present study indicate that, in overweight and obese men, an exercise session, with the energy expended replaced, can induce some metabolic and cardiovascular benefits, but to maximize the beneficial effects of exercise, an energy deficit is required.
